Abstract: Differentiated thyroid cancer is the most common endocrine malignancy, with an estimated 60,220 new cases diagnosed in the United States in 2013. For reasons that are unclear, differentiated thyroid cancer is three times more common in females than in males. However, among adolescent and young adult females between ages 15-39 years, differentiated thyroid cancer remains under-recognized. The disparity in cancer incidence and outcomes in this population may be secondary to the tumor's biology, and risk factors unique to women. This review summarizes the incidence and survival rates of thyroid cancer in women younger than 45 years of age, as well as the pathophysiology, etiology, risk factors, prognosis, and current and emerging treatment options for this patient population.
Introduction
Differentiated thyroid cancer (DTC) is the most common endocrine malignancy, with an estimated 60,220 new cases diagnosed in the United States (US) in 2013. 1, 2 For reasons that are unclear, thyroid cancer is two to three times more common in females than in males. Its prevalence continues to rise; in 2008, it became the sixth most diagnosed cancer in women. 2 Although the peak incidence of DTC is diagnosed in women aged 45-49 years, and men aged 65-69 years, it does affect younger people. DTC accounts for approximately 10% of malignancies diagnosed in persons aged 15-29 years. 3 In the US, DTC incidence has risen steadily for decades, increasing by 74% from 1976 to 2005. This rise has been limited to the papillary histologic subtype. 4 It has been reported by Davies et al that, in the US, the increase is due to increased diagnosis and detection of small, impalpable, subclinical tumors. 5 A more recent study investigated trends in DTC in the adult population between 1988-2005, and determined that increased detection could not be the only factor underlying increased incidence of larger cancers. The authors advocated for research to identify environmental, dietary, and genetic risk factors responsible for the increase. 6 However, among adolescent and young adult females between ages 15-39 years, thyroid cancer remains underrecognized. The disparity in cancer incidence and outcomes in this population may be secondary to the tumor's biology, and risk factors unique to women.
Incidence and epidemiology in younger women
Thyroid carcinoma represents 4% of all cancers in women in the US, and it is the sixth most frequently diagnosed cancer in females. 2 In women aged 20-29 years, the thyroid is the most common cancer site. 7 DTC, including papillary thyroid carcinoma (PTC), follicular thyroid carcinoma (FTC), and their variants, is by far the most common type of thyroid malignancy in this age group, representing 95% of thyroid cancers. The remainder consists of medullary thyroid carcinoma (MTC) and anaplastic (undifferentiated) thyroid carcinomas (ATCs). Of patients diagnosed between 1988-2001, 96% of ATC diagnoses were made in patients 45 years of age and older. 8 Given the rarity of ATC in the 20-39 year-old population, it will not be discussed in this article.
According to Surveillance, Epidemiology, and End Results (SEER) data from 1973-2009, the median age at diagnosis of thyroid cancer was 45 years, in women. 7 Among women diagnosed with PTC, 2.7% were diagnosed at an age younger than 20 years, 25.1% were diagnosed at between 20-34 years old, 24.0% between 35-44 years, 21.5% between 45-54 years, and 26.7% at older than 54 years. Over one third of women with FTC were older than 54 years at diagnosis. The majority of women diagnosed with PTC and FTC were white; 64.6% and 56.2% were localized PTC and FTC, respectively. For both PTC and FTC, the majority of tumors were less than 1.0 centimeter in size (Table 1) . 7 Age-adjusted incidence rates standardized to the 2000 US population demonstrated a nearly five-fold increase in incidence of PTC in the past 35 years, rising from 4 cases per 100,000 person-years, in 1973, to 19 cases per 100,000 person-years, in 2009. 7 A similar trend was not seen in FTC, which has remained stable at approximately 1 case per 100,000 person-years ( Figure 1 ). When stratified into age groups (,20, 20-34, 35-44, 45-54 , and .54 years), the age-adjusted incidence rate of PTC in women less than 20 years of age remained low. However, in women age 20 and older, the incidence has increased dramatically over time by four-to five-fold ( Figure 2 ). Age-adjusted incidence of FTC remained stable, and, similarly to PTC, it had a lower incidence in women younger than 20 years old.
When stratified by race/ethnicity (white, black, and other), all races demonstrated an increase in incidence of PTC over time, but the age-adjusted incidence of PTC in white women was more than twice that of women of black or other races (Figure 3 ). In 2009, the incidence in white women was 20 cases per 100,000 person-years, compared with 11 cases per 100,000 person-years in black women.
Age-adjusted incidence of FTC did not demonstrate notable racial differences, with white and black women having only slightly higher incidences of FTC than women of other races.
Age-adjusted incidence rates of local PTC have increased from 2 cases per 100,000 person-years, in 1973, to over 12 cases per 100,000 person-years, in 2009 ( Figure 4 ). Rates of regional disease have also risen, demonstrating a five-fold increase over 35 years. Distant PTC incidence rates have remained relatively low over time. Local, regional, and distant FTC age-adjusted incidence rates have been consistently low over time, with less than 1 case per 100,000 person-years, for all stages.
From an international perspective, the age-adjusted incidence rates of DTC in females aged 0-14 years in Great Britain increased from 0.3 to 0.5. The incidence rates for females aged 15-29 and 30-49 increased from 6.9 to 12.4, and from 21.2 to 42.3, respectively. 9 In Italy, the age-adjusted incidence rates for women age ,85 years ranged from 3.5 to 8.5 from 1991-1995, and increased by 7.3 to 37.5 from 2001-2005. 10 There are large survival differences between women younger than 45 years of age and women age 45 and older. Kaplan-Meier survival analysis demonstrated a greater 
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Year
Incidence per 100,000 Figure 1 Age-adjusted incidence rates of thyroid carcinoma, stratified by histology. than 75% survival probability at 400 months for women younger than 45 years who are diagnosed with PTC or FTC, compared with women age 45 and older, whose survival probability at 400 months was less than 25% (Figure 5) . Kaplan-Meier analysis also demonstrated similar age-dependent survival probabilities, when stratified by stage of disease ( Figure 6 ). Women younger than 45 years of age who were diagnosed with PTC or FTC had greater than 75% survival probability at 400 months, regardless of stage. However, in women older than 45 years, survival probabilities dropped precipitously, for all stages, with less than 25% survival probability at 400 months. Multivariate Cox proportional hazards modeling, performed to estimate the risk of death from thyroid cancer, after controlling for other potential confounders, suggested several significant factors. After controlling for other covariates, women aged 35-44 had more than three times the likelihood of death, compared with women younger than 20 
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Boltz et al insular carcinoma. The follicular and diffuse sclerosing variants of PTC are more common in children and young adults, compared with older individuals. 8 Research has turned toward seeking a better understanding of the molecular and genetic basis of DTC. It is now recognized that activation of the mitogen-activated protein kinase (MAPK) signaling pathway is critical in tumorigenesis. 11, 12 More than 70% of PTCs are due to genetic events in the RAS, BRAF, or RET proto-oncogenes. One of the major events associated with the development of PTC, specifically in younger adults, is a chromosomal rearrangement that links the promoter region of an unrelated gene to the carboxyl terminus of the RET (rearranged during transfection) proto-oncogene. 8, 13 This rearrangement produces a chimeric oncogene, resulting in a constitutively activated form of the RET receptor tyrosine kinase (not typically expressed in thyroid follicular cells), thereby promoting tumorigenesis.
Mutations in BRAF are the most common cause of PTC, and occur in 36%-83% of cases. PTCs that are positive for a BRAF mutation are also more clinically aggressive. 11 Other genes and gene products involved in PTC include RAS, the TRK proto-oncogene. FTCs have been associated with Pax8-PPARγ translocations, and PI3KCA genes.
Approximately 5% of patients with PTC have a family history of the disease. 8, 14 Patients with familial non-medullary thyroid cancer may have poorer prognoses, given that these cases have a more aggressive course and shorter diseasefree intervals after treatment. 15, 16 Other genetic syndromes in which there is an increased risk of DTC include familial adenomatous polyposis (APC gene), Cowden syndrome (PTEN gene), and Werner syndrome (RECQL2 gene). 8, 14 PTC identified in familial adenomatous polyposis is usually a rare variant. If it is identified, especially in young adult women, the subsequent risk for colonic neoplasia should be considered. 8 In 2006, the US National Cancer Institute initiated a Progress Review Group on Adolescent and Young Adult (AYA) Oncology to investigate a potential biological basis for age-related differences in outcomes for AYAs with cancer. 17 A study by Vriens et al compared the clinical and molecular features of PTC in AYAs with patients over 40 years of age. The results indicated that AYA patients with PTC had a different extent of disease at presentation, and had better outcomes, compared with older patients. The authors identified several genes (ECM1, ERBB2, UPA, PFKFB2, and MEIS2) that were expressed differently between the AYA group and the group aged .40 years. 18 These findings suggest a possible molecular basis for differences in the extent of disease at presentation, and for the differences in outcomes observed with adolescents and young adults.
Risk factors and prognosis
The major risk factor for development of DTC, and PTC, in particular, is exposure of the head and neck to radiation during childhood. 7 Most cases of radiation-induced PTC in the 21st Century are secondary to therapeutic radiation, used to treat a prior malignancy. Although the data are conflicting, it appears that radiation-induced thyroid cancers are not significantly different in clinical behavior from sporadic, non-radiation-induced tumors. 8 The latency period for developing DTC after radiation exposure is highly variable, and is dependent upon age and amount of exposure. A study by Kikuchi et al retrospectively analyzed 171 patients who had a history of exposure to radiation and were treated surgically at University of California, San Francisco-affiliated hospitals for thyroid neoplasms between 1960-1999. The mean latency periods for follicular and papillary thyroid carcinomas were 20.5 years and 34 years, respectively. 19 Exposure to ionizing radiation, such as radioactive iodine (RAI), from the large environmental Chernobyl nuclear accident in 1986, is another documented risk for the development 
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Thyroid cancer in young women of PTC. 8 Doses of RAI used in the treatment of hyperthyroidism, and routine diagnostic studies, fortunately appear to be below the threshold for tumorigenesis. 8 The markedly higher rates of DTC in young women, compared against men, suggest that sex steroid hormones may be involved in the development of the disease. A study by Horn-Ross et al investigated the effects of menstrual, reproductive, and other hormonal factors on PTC risk. 20 An increased risk was found among the 117,646 women examined who were less than 45 years old and had a later age of menarche (mean or average age: 14 years). Risk was also increased among young women who had longer adolescent menstrual cycles (.30 days), and whose last pregnancy had ended within 5 years of enrollment in the study. 20 Additionally, an international pooled analysis of 14 case-control studies, with data from 1,800 women with PTC, observed that aspects of pubertal development and parity, particularly among women younger than 45 years, increased a woman's risk of developing thyroid cancer. 21 In this analysis, weak associations were observed between increased DTC risk and later age at menarche, having had a miscarriage, and having had a full-term pregnancy; but no association was observed for age at first and last birth. Other recent studies have suggested that the critical aspect of parity could be an elevation in risk during the 5 years following pregnancy. 20 Later age at menarche has been associated with irregular and anovulatory menstrual cycles, which have been linked with an increased risk of DTC. 22, 23 However, when examined by age, the elevated risk associated with later age of menarche has largely been found among women older than 45 years, whereas the risk for irregular cycles has been observed more in younger women. 20 Thyroid volume and thyroid stimulating hormone (TSH) levels vary across the menstrual cycle. However, it is still not clear how these changes relate to thyroid carcinogenesis. 24, 25 Increased thyroid volume has been associated with later age of menarche and decreased progesterone levels in adolescent girls. 20 Irregular cycles are associated with an increase in the length of the follicular phase of the cycle, and a progesterone deficit is related to the lack of a normal progesterone surge occurring during the luteal phase. 20 In addition, a relationship between anthropometric factors (height, weight, body fat) and thyroid cancer risk has been suggested, as thyroid hormone is crucial to the development of several body tissues. A pooled analysis of case-control studies conducted prior to 1998 on this topic showed a weak positive association between thyroid cancer and height, in women, with a relative risk (RR) of 1.2, and increased linearly for those who were taller, as compared against shorter females. 26 Additionally, a self-reported body mass index (BMI) at time of diagnosis was directly related to thyroid cancer risk, with a RR of 1.2 for obese women and, in continuous analysis, a RR of 1.1 for each 5-unit increase in BMI. 27 Two other studies explored the influence of anthropometric measures. A study conducted in California found no association between thyroid cancer risk and BMI, height, or weight gain, 28 while a Norwegian study reported an increased risk of thyroid cancer with increasing height and BMI. 29 Physical activity has also been suggested as an influence on cancer risk, through hormonal, metabolic, and immunologic means. Three studies yielded mixed results when comparing sedentary versus heavy physical occupational activity. 30, 31 Another study examined Californian women with PTC, and found that the RR of thyroid cancer, among those who reported regular recreational exercise during the 2 years before diagnosis, was slightly reduced, as compared with those who did not report exercise during the same period. 32 A study published in 2010 on thyroid cancer and gender disparity could find no clear cause of the disparity in incidence or aggressiveness of DTC between men and women. Dietary and environmental factors did not appear to have significant roles in the gender disparity, nor did common somatic mutations. 33 A number of prognostic factors for thyroid carcinoma have been identified, including sociodemographic characteristics, such as age and gender, and tumor characteristics, such as histology and stage. 34 Several studies have shown that the prognosis for DTC is favorable in patients below 40 years of age. DTC in children and adolescents has a low mortality, but a high risk of recurrence. Young patients with large, multifocal tumors that are already metastatic at the time of diagnosis have the highest risk of recurrence. Data from a study by Welch Dinauer et al found a low mortality rate among 137 patients with DTC. However, a significant morbidity was identified, with as many as 45% of patients with PTC, and 18% of patients with FTC, having metastases at the time of diagnosis. 35 Approximately one in six young adults, or up to 35% of patients diagnosed with thyroid cancer, develop recurrence of their disease, with 90% recurring within 7 years. Factors associated with the greatest risk of recurrence included disseminated disease at diagnosis, palpable cervical lymph nodes, and multifocal and large (greater than 2 cm) tumors. The lowest risk of recurrence was found in patients with unifocal FTC. 35 
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Current and emerging treatment options
The initial treatment strategy for DTC includes surgery, radioactive iodine treatment, and thyroid hormone suppression therapy. Recommendations regarding the standard of care in treating thyroid cancer are based on retrospective data. Clinically unrecognized thyroid cancer has been found in up to 36% of autopsies, which is much greater than the prevalence of the diagnosed cancer. Since up to 35% of patients have recurrences, most physicians recommend treatment. 36 Total thyroidectomy is the primary surgery for DTC; lobectomy is only considered when the tumor is small (,1 cm) and is without evidence of local metastasis. 37 Total thyroidectomy yields adequate staging and, if clinically appropriate, subsequent therapy is with RAI. Additionally, 30%-85% of patients have multifocal disease, which may not be appreciated until after evaluation of surgical specimens. 38 The extent of cervical lymphadenectomy remains controversial in the treatment of DTC. Certainly, therapeutic control, or lateral neck lymph node dissections, should be undertaken for biopsy-proven, regionally metastatic, nodal disease. Prophylactic lateral neck dissection is not indicated for DTC. Prophylactic central neck dissection may be undertaken, to treat clinically unapparent disease, in the hope of preventing any future need for re-operative surgery, or to document a pathological node that is in a negative state, in an effort to avoid the need for adjuvant RAI. In many patients, lymph node metastases in the central compartment do not appear abnormal preoperatively, using imaging, or upon inspection during surgery. Therapeutic or prophylactic central compartment dissection can be achieved with low morbidity in experienced hands, and may convert some patients from clinical node negative pathology to pathologic node pathology, thereby upstaging patients aged over 45 from the American Joint Committee on Cancer. 37 Caution must always be taken during a central neck dissection, to avoid morbidity to structures such as the parathyroid glands and the recurrent laryngeal nerve. 39 RAI can be administered postoperatively, to ablate remaining normal or malignant thyroid cells, and improve the specificity of future surveillance imaging for detection of recurrent disease. It also allows physicians to monitor serum thyroglobulin, as a marker of disease progression. TSH increases iodine avidity in thyroid cells. Therefore, patients must stop any thyroid hormone therapy, or be treated with recombinant human TSH, in order to drive iodine-131 into remaining cells. 36 RAI treatment has not been shown to decrease recurrence rates in low-risk patients, with tumors of less than 1.5 cm diameter, and does have potential side effects, including damage to salivary glands, bone marrow, and gonads. Therefore, it should be used selectively, in patients who would receive the greatest benefit. 36 The third component of DTC therapy is thyroid hormone suppression. The goal of suppression therapy is to keep TSH levels low, as several series have shown decreased rates of recurrence and cancer-related mortality with suppression therapy. 40 The degree of TSH suppression depends on the risk of the cancer, and no evidence has shown that low-risk patients require suppression. 38 Serum TSH levels should be maintained at levels ,0.1 mU/L in high-risk patients (stages III and IV), whereas lower-risk patients should be allowed to have their TSH levels rise into the normal range. 41 Patients with thyroid cancer require lifelong monitoring, with surveillance tests to measure thyroglobulin levels, neck ultrasounds, and iodine-131 total body scans. 36 Patients with progressive DTC who are not responsive to standard treatment require additional therapy, focusing on local disease control in the neck, as well as management of systemic disease. Revision, or re-operative neck dissection, should be considered if the cancer threatens vital neck structures, and even in the setting of metastatic disease. External beam radiation, to control disease progression in DTC, has been used infrequently, except as a palliative treatment for locally advanced, otherwise unresectable disease. 37 It remains unknown whether external beam radiation might reduce the risk of cancer recurrence in the neck, following adequate primary surgery or RAI treatment, in patients with aggressive histologic subtypes. 37 Recently, new agents that target and block intracellular signaling aberrancies in thyroid carcinoma, namely the constitutive activation of the MAPK pathway and vascular endothelial growth factor receptors, have emerged in the treatment of advanced thyroid cancer. Most of the agents are tyrosine kinase inhibitors that have activity against pathways implicated in DTC. New data on the activity of sorafenib and sunitinib in advanced thyroid cancer have led to the inclusion of both drugs on the National Comprehensive Cancer Network (NCCN) Drug and Biologic Compendium. The NCCN Clinical Practice Guidelines in Oncology for Thyroid Carcinoma recommend the use of sorafenib or sunitinib for systemic metastatic disease, when a clinical trial is not available or appropriate. 42 Sorafenib is an oral tyrosine kinase inhibitor with activity against multiple kinases, including BRAF and RET proto-oncogenes. The drug has shown cytostatic effects in thyroid tumor cell lines, both with and without the presence of BRAF mutations. One study enrolled 55 patients with metastatic, iodine-refractory thyroid cancer (all types). Patients with PTC tumors containing BRAF mutations had a significantly longer progression-free survival (PFS) of 84 weeks, compared with patients with wild-type BRAF, who had PFS of 54 weeks. 43 Sunitinib, like sorafenib, is an oral tyrosine kinase inhibitor with multiple targets, including PDGFR, VEGFR, and RET. In one study, 43 patients with progressive disease, who had failed standard therapy, were enrolled. Of 31 patients with DTC who completed two cycles of sunitinib, 13% had a partial response, and 68% had stable disease. In a second study of 15 patients, evaluated at 3 months, one had a partial response and 12 had stable disease.
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Conclusion
The goal of this review was to provide clinicians and researchers with a broad overview of the incidence and survival rates of DTC in the young female population. Recent research has contributed to a better understanding of the molecular and genetic basis of DTC. While anthropometric factors and sex steroid hormones may be risk factors associated with DTC in young females, there is still no clear cause of the disparity in incidence or aggressiveness of DTC between men and women.
In conclusion, targeted therapy now presents new treatment options for patients with advanced DTC, with more recent studies focusing on patients with progressive disease, as these patients have higher morbidity and mortality from their cancers. Randomized controlled studies are currently underway to assess whether these targeted agents improve overall survival.
